INTRODUCTION
Autism (MIM [209850] ) is a pervasive neurobehavioral disorder marked by impairment along three dimensions: language development, development of reciprocal social interactions and engagement in stereotyped and ritualistic activities. By definition, onset is prior to age 3, however, signs of clinical impairment are often detected earlier, during the period of language acquisition (1) . The autistic phenotype is highly heterogeneous and children with impairment in the three dimensions listed above can have remarkably distinct behaviors along a continuum. Autism is considered the most severe form of a spectrum of disorders referred to as Pervasive Developmental Disorders (PDDs), which includes Asperger's syndrome (MIM[608638] ), childhood disintegrative disorder and PDD-not otherwise specified (PDD-NOS). A blanket term often used to describe this continuum of clinical affection status is autism spectrum disorder (ASD).
There is substantial evidence of genetic contributions to autism risk. Concordance rates for monozygotic (MZ) twins of greater than 90%, and a substantial decrease in concordance for dizygotic (DZ) twins to 10% (2, 3) , is indicative of a disorder with a strong, yet multifactorial, genetic component (4) . Inheritance patterns do not fit a purely dominant or recessive model and likely are the result of many interacting loci (5) .
The evidence for a substantial genetic component in the etiology of autism has energized a number of genome-wide linkage and candidate gene studies. Through affected sibling pair linkage analysis, a region has been highlighted on chromosome 17 at which Yonan et al. re-analysis of these data, Stone et al. (7) further demonstrated that families which have produced only male affected children (MO families) were the major contributors to linkage at this locus. Analyzing the MO families separately revealed significantly increased evidence of linkage and produced overall genomewide significance (MLS 4.3) . This suggests that stratifying families by sex-of-affecteds reduced genetic heterogeneity at the putative chromosome 17 susceptibility locus. This region of linkage was also shown to be suggestive in the independent IMGSAC sample (8) (MLS 2.34), though an increased linkage signal through stratification by sex was not detected (9) . Replication of male-specific linkage to chromosome 17 in a second, independent, AGRE sample (10), confirmed the sex-specific nature of this locus. While the linkage region includes the serotonin transporter gene (SLC6A4), which has long been studied as a candidate gene for a number of psychiatric disorders, including ASD, reports of association to autism have been inconsistent (11, 12) . Thus, there is substantial evidence this region harbors an as-yet unidentified susceptibility gene or genes of particular relevance to autism in males.
Here we present a comprehensive survey of 13.7 Mb of DNA flanking the centromere on chromosome 17 using a highly dense panel of SNPs to test for association of common variants to ASD. In total, 2053 SNPs were genotyped, directly assaying 180 genes (NCBI MapViewer, build 36) and 44 regions without genic annotation, in a sample consisting of 219 trios selected from the AGRE resource. We have capitalized on the nature of the linkage peak to focus analyses on those trios from families most likely to harbor susceptibility alleles and to prioritize SNPs for subsequent replication studies or sequence analysis. These data constitute a broad exploration of the common variant hypothesis within a region of significant autism linkage and highlight several genes for additional study. Some portions of the physical interval of linkage, however, were not analyzed for common variant association due to insufficient SNP coverage. These holes in coverage of the interval represent areas where further SNP genotyping would be useful.
RESULTS
Single SNP analysis SNPs were tested individually for association to ASD in the MO families using the WHAP program as discussed in the methods section. To provide a global view of results, empirical significance of the transmission bias for each SNP is plotted as a function of position in Figure 1 (gray triangles). For ease of visualization, the y-axis represents the 2log 10 (-P-value)for each SNP so that those SNPs with more significant evidence for association will stand out from the noise floor. It is clear from Figure 1 that many SNPs display significant (empirical P-value ,0.05) evidence of association to autism, as expected given the large number of tests. To limit the number of false positives identified at a P-value ,0.05 and provide a tenable number of SNPs for primary replication efforts, a second analysis was employed. This hypergeometric analysis (see Materials and Methods section) identified those SNPs presenting a significant increase in transmission bias Figure 1 . The negative log of single-SNP allelic P-values are plotted as a function of base pair position (gray triangles). Empirical significance was established by randomly permuting which allele was transmitted to affected children 1000 times at each SNP in the MO trios. Those SNPs that were found to be significantly associated in MO trios at an empirical P-value , 0.05 and also by hypergeometric analysis (see Methods and Materials for further information) at P-value , 0.05 are highlighted by black squares. Highlighted SNPs located within a known gene region are labeled as such. The black ticks below the graph denote the position of genes across the region according to NCBI MapViewer build 36. Positions of haplotypes highlighted in Table 3 are marked by horizontal black lines below the graph. Two blocks located around 28.9 Mb and two blocks located around 32.3 Mb, respectively, are unable to be resolved and look like a single block at this scale. A nominal P-value of 0.05 for TDT results is marked by the dashed gray horizontal line.
as the sample analyzed was focused from all trios (ALL) to MO trios. Those SNPs found to be significant by MO TDT analysis and also significant by the hypergeometric analysis are highlighted by black squares in Figure 1 and listed in Table 2 . As is clear from Figure 1 , including the hypergeometric analysis has served to logically focus replication efforts; otherwise, there would be a large number of SNPs, all at approximately the same significance level, worthy of further study.
The 15 SNPs highlighted by both the TDT and hypergeometric analyses (P-value ,0.05 in both analyses, listed in Table 2 ) are located within 10 kb of the following genes: DHRS7B, DKFZp434O047, LOC440421, LOC440442, LOC646037, MYO1D, TMEM98, ACCN1, LOC646202 and LASP1. A number of intergenic regions were also highlighted and are marked by squares without annotations in Figure 1 . The Maximum Likelihood Genotype Relative Risk (ML GRR) was calculated under both a multiplicative and additive model for each of the 15 highlighted SNPs and listed in Table 2 . ML GRRs for the 15 highlighted SNPs ranged from 1.27 (rs17669584) to 3.47 (rs772111) under a multiplicative model, and 1.35 (rs17669584) to 14.5 (rs498583) under an additive model. We estimated the 95% confidence interval (CI) given the ratio of transmitted and non-transmitted alleles observed at each individual SNP (Table 2) . From this analysis, there are several SNPs for which the lower bound of the 95% CI remains above 1.0 indicating a strong likelihood of a significant affect of several alleles within or adjacent to DHRS7B(rs12452369), LOC646037(rs7217921), MYO1D(rs2470207), TMEM98(rs4795725, rs8082539) and ACCN1(rs4795750, rs12449864) under multiplicative and additive models.
The nominally significant SNPs (empirical P-value ,0.05) within ACCN1 (both long and short forms analyzed independently) and MYO1D were tallied to assess deviation from the expected proportion of 1/20 or 5% (Supplementary Material, Table S3 ). Results highlight MYO1D as having significantly more nominally associated SNPs than would be expected given the number of SNPs tested in that gene (total SNPs tested n ¼ 93; tags selected at r 2 . 0.8, n ¼ 68, number of nominally associated SNPs ¼ 14; Z ¼ 6.987, P , 0.05). The trend of over-representation of significant SNPs in MYO1D persists when the stringency of independent marker selection in increased (r 2 . 0.3) though the number of counts became too low (tags selected at r 2 . 0.3 ¼ 14, number of nominally associated SNPs ¼ 3) for meaningful significance estimation. Neither isoform of ACCN1 displayed significant deviation from the proportion of SNPs expected to be significant at a P-value ,0.05.
Haplotype block analysis
Groups of two or more SNPs were defined as haplotype blocks by the Four Gamete Test (FGT) (13) as implemented in Haploview. Each block was tested for empirically significant global levels of transmission bias in MO trios using WHAP. Twenty-five of the 348 blocks across the interval displayed nominally significant evidence (empirical omnibus P-value ,0.05) of transmission bias. These 25 blocks were further examined to reveal the haplotypes inferred from the genotypic data and the observed T:NT ratios for each allele as output by Haploview (Supplementary Material, Table S4 ). Significant transmission biases can arise from over-transmission of an allele to affected children, or from under-transmission. The mode of under-transmission seems much less biologically plausible in the present context, though in principle this would be evidence of a 'protective' allele. Since the goal of the current study is the identification of susceptibility alleles, haplotype-based results presented here focus on those haplotypes displaying significant evidence of over-transmission to affected children, as would be expected from a disease causing mutation. In 11 of the 25 blocks that displayed significant omnibus transmission bias, at least one significantly overtransmitted haplotype allele was identified. Table 3 is a focused list of the significantly (x 2 allelic P-value ,0.05) over-transmitted haplotype alleles in each of the 11 blocks. Among all 11 over-transmitted haplotypes, likely GRRs range from 1.41 to 1.99 under a multiplicative model. Within these analyses, the lower 95% confidence bound remained above 1.0 for all 11 haplotypes, including those adjacent to or within DHRS7B, MGC33894, PIPOX, PSMD11, MYO1D, ACCN1 and LOC646157. The largest GRR at the lower bound of the 95% CI was 1.32 for a haplotype bounded by rs4794966 and rs17782997 within the longer form of ACCN1.
Discussion
Here we have presented a comprehensive high density SNP association study covering a region of male-specific linkage to ASD on chromosome 17, in order to search for common variants contributing to the risk of developing autism. The trio-based nature of the study allowed use of the TDT as a test of association, which is robust against false-positive associations from cryptic population stratification. The a priori knowledge of linkage to the region allowed the TDT to focus on trios from MO families as, based on the linkage results, these are most enriched for susceptibility alleles within the region. The present study was further designed to interrogate a region of linkage to autism in the most thorough way possible given a limited knowledge of genomic regions of functional importance (14 -16) and the limitations of current SNP genotyping technologies. Rather than focusing on a few, repeatedly studied candidate genes, the present study has explored a region of linkage to chromosome 17 in an entirety which has not been attempted before in the search for alleles conferring susceptibility to ASD. This approach of thorough SNP typing over a given interval has been successfully employed in the search for genetic variants conferring susceptibility to late-onset Alzheimer's Disease (17) . Although this involves multiple comparisons that cannot be fully corrected for in this analysis, we consider this a first stage in a multi-step process to identify, replicate and confirm associated variants within this region, and report the nominal findings here to permit follow-up in additional data sets. Significance of association is based on the properties of the null hypothesis which are completely known by Mendelian principles and interpretation is straightforward. Estimation of a likely GRR, on the other hand, depends on assumptions of disease model and ascertainment that cannot be completely known and thus can be overestimated. We have applied a post-hoc GRR calculation of 95% CI of likely affect size in order to determine which of the allelic associations identified in our screen are likely to remain significant on repeat studies. It is notable that for each highlighted SNP and haplotype in the current study the 95% CI covers a smaller range under the multiplicative model and therefore can be considered to 'fit' the disease better than the additive model. This is expected of the true susceptibility allele(s) within this region given that the original detection of linkage is based primarily on the excess of affected male siblings sharing two alleles over this interval, which is suggestive of a 'recessive-like' mode of inheritance. The GRRs reported here are for the SNPs or haplotypes directly genotyped in the current study and most likely do not include the true susceptibility allele(s). Given Table 3 . The 11 blocks displaying significant empirical omnibus evidence (P-value ,0.05) and significant over-transmission of an individual allele
Over-transmitted allele MO T: NT Multi. GRR (95% CI) (47) rs12452369 ( The SNP start and stop are listed along with the index of the SNP from 1 to 2053. Uncertainty in phasing resulted in fractional likelihoods of an individual's alleles, hence fractional counts included in the T:NT tally. In the interest of space, only significantly over-transmitted alleles identified upon further inspection of those blocks displaying significant omnibus evidence for association are listed and all T:NT counts refer to the allele presented.
The x2 results obtained from MO trios for the specified allele are listed along with gene annotations if the haplotype block overlaps with a genic region. NA, not applicable.
a At least one SNP in haplotype had genotype rate less than 95%. Haplotype falls within the long form of ACCN1, from UCSC Genome browser; long form not present in NCBI annotations. (18), linkage results over the interval suggest a GRR of 4, assuming a single susceptibility locus within the region. None of the individual SNP associations or haplotype associations are of sufficiently high GRR to support a model of a single susceptibility allele of such magnitude. Only rs772111 was in this range with a GRR of 3.47, but this estimate is suspect as only 10 informative transmissions were observed. Of the remainder, estimated GRRs for the highlighted SNPs and haplotypes ranged from 1.27 to 2.66 (multiplicative model) suggesting they individually are unlikely to account for the linkage signal detected in this interval. The upper bounds of the GRR of alleles with at least 100 informative transmissions range from 1.97 to 2.33. It is more plausible that either many rare alleles are contributing to disease susceptibility or there are multiple genes of modest affect within the region.
It follows, therefore, that four scenarios are possible from the sum total of evidence presented in the current study: (i) the true common susceptibility allele remains undetected because it resides within the portion of the linkage interval not assayed by the SNPs genotyped, (ii) there is more than one risk factor within the region, each with a more modest GRR, summing together to achieve the GRR suggested by linkage results, (iii) there is allelic heterogeneity such that using the common alleles is underpowered to detect the multiple rare variants occurring in the affected individuals, (iv) the original interval covered densely by SNPs in this study was insufficiently broad to include the affect locus. All of these or portions may be true. It seems most reasonable that there is no single common allele within the interval tested that can account for the linkage signal, and this suggests that multiple common susceptibility alleles or rare alleles are a plausible model. Thus, the search for rare variants in some of the genes would strengthen the evidence of association which may be on the basis of large spontaneous genomic deletions, duplications, or point mutations. On the basis of availability of current technology, the interval is being carefully surveyed at high resolution for genomic deletions and duplications.
The single-SNP and haplotype block analyses highlighted 15 genes and seven intergenic regions. While several SNP or haplotype associations were within or immediately adjacent to genes, the most notable genes based on current knowledge of biological plausibility were MYO1D, ACCN1 (Fig. 2) and LASP1. Myosin family members are key components of the molecular machinery responsible for cell motility and intracellular transport, and select members are involved in transcription (19) . Recently, the Drosophila homologue of MYO1D, Myo31DF, was implicated in proper development of bi-lateral symmetry of the gut and genital organs (20, 21) . Myosin 1D is strongly expressed in brain tissue of mammals (22) , and could play a role in establishing normal brain symmetry or asymmetry. This is particularly relevant to autism research given the recent accumulation of imaging studies revealing marked abnormal brain asymmetries in autistic and language delayed individuals (23 -25) . It is interesting to note that MYO1D is further highlighted by an overrepresentation of nominally significant SNPs after random selection of tags to account for LD between markers (Supplementary Material, Table S3 ). Given that multiple single-SNP and haplotype results consistently highlight this gene, yet no one SNP or haplotype has been identified that can independently account for the strength of linkage to the interval, it is plausible that more than one variant within this gene may be contributing to susceptibility. This hypothesis is consistent with the TDT results of this study that display an over-representation of nominally significant SNPs within the MYO1D genic interval.
The multiple associations detected within intronic regions of ACCN1 are interesting as this gene is highly restricted to neuronal expression and was discovered based on similarity to genes known to cause hereditary neurodegeneration of C. elegans (26) . In Drosophila, the homologue was localized to the dendritic arbor subtype of the Drosophila peripheral nervous system multiple dendritic sensory neurons. These neurons are thought to be involved in mechanotransduction of stretch and/or touch which is intriguing given the extreme touch sensitivity common in children with autism. It is interesting to note, however, that in contrast to MYO1D, neither isoform of ACCN1 presented with more nominally significant SNPs than expected by chance (P . 0.05) (Supplementary Material, Table S3 ). This observation is inconclusive, however, and does not preclude the existence of a single susceptibility allele of modest effect or the presence of multiple susceptibility alleles not effectively assayed within this genic interval.
Finally, LASP1 was initially discovered as being over expressed in some breast carcinomas (27) . However, recently, LASP1 has been localized to the post-synaptic density (PSD) fraction of rat cortical neurons (28) , specifically the cytoplasmic side of the PSD and additional unidentified synaptic compartments (29) . Though the function of LASP1 in the central nervous system is unknown, siRNA-based silencing of LASP1 in breast cancer cells resulted in decreased cell proliferation and motility (30) suggesting a possible role for LASP1 in the CNS as being involved in neuronal migration and/or neuronal proliferation. Further study is required to elucidate the role of LASP1 in normal brain development which may prove to be relevant to autism research given observed neuronal patterning defects in the brains of autistic individuals, specifically cortical mini-column patterning (31, 32) . Thus, we consider Myo1D, ACCN1 and LASP1 as reasonable functional candidates for an autism risk gene highlighted by these analyses.
Discussion of the chromosome 17 locus requires comment on the serotonin transporter (SLC6A4), which is one of the most repeatedly studied functional candidate genes in autism and is located at 25.5 Mb on chromosome 17, within the region of linkage. Numerous groups have studied this gene with inconsistent results (11, 12, (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . In general, results from the current study using the AGRE sample are consistent with the majority of studies using other autistic samples which have failed to detect association to common variants within this gene. The AGRE sample has been used by other groups to study SLC6A4 (12, 34) , though the current study finds no evidence for association within or near this gene. Multiple (10) replicated the evidence of linkage at this location, and provided evidence that linkage extends an additional 20 cM toward the q-telomere. In aggregate from both studies, the evidence from microsatellite based fine mapping broadens the region of interest with an MLS .2 tõ 25 cM on chromosome 17. Given the interval size and overall strength of linkage within the AGRE family set, it may well be that two (or more) susceptibility loci reside at different locations within the broad interval. The data presented here attempt to identify association from within the boundaries of the linkage signal reported in Stone et al. (7) . It is appropriate to extend the interval of coverage to include the interval reported in Cantor et al. (10) and to explore the Human Molecular Genetics, 2007, Vol. 16, No. 6 709 current data for allele -allele relationships and to fill in gaps of coverage within the interval covered here. Although no findings of the current study are sufficiently significant in the context of multiple testing, the present highdensity SNP screen has provided a number of nominally significant associations that warrant further study. Replication will be essential in validating the results presented here and to reject false-positives derived from this screen. The present study was also not designed to assess the contribution of rare variants to the etiology of autism. Results presented here do not preclude their existence or importance in autism. It may be important to combine sequence analysis to detect multiple different rare variants with small effects from common variants to uncover the true susceptibility gene or genes in this interval. The public sharing of the data from the AGRE repository freely permits additional investigation which can build on the framework provided here to enhance our knowledge of susceptibility alleles in autism.
MATERIALS AND METHODS

Genetic material and preparation
Samples were selected from AGRE, an organization which facilitates the collection of biomaterials from autistic children and their families, and coordinates distribution of samples to approved researchers. Additional details regarding criteria for inclusion into AGRE, standards of diagnosis and protocol of sample collection have been previously published (44) and current details are available at http://www.agre.org. The majority of genomic DNA samples available from AGRE are collected from families with more than one affected child (multiplex families) diagnosed with ASD. Here, ASD includes classical autism, PDD and Asperger syndrome as defined in Liu et al. (45) . All aspects of the study presented were approved by the UCLA IRB board.
For the current study, the mother, father and one affected child per family were chosen for genotyping from 333 unrelated AGRE families. The affected child was selected using criteria designed to best enrich for a genetic link to the locus. Specifically, from within each multiplex family, the most severely affected child was selected (i.e. full autism chosen over broad spectrum diagnosis). In families where all affected children received the same diagnosis, the oldest male child was selected. Female children were selected when no male child was available. Diagnoses were based on the ADIR and supplied by AGRE with the pedigree information for each individual. Please see Supplementary Material, Table S5 for a complete list of samples included in analyses and their affection statuses. Families were excluded from the current study if a non-idiopathic autism flag (i.e. fragile-X, abnormal brain imaging results, dysmorphic features, birth trauma) was recorded for any member of the family at the time of family selection.
Genomic DNA samples were obtained from the NIMH cell repository (Rutgers, Piscataway, NJ) and concentrations were established using a Nanodrop (Willmington, DE) instrument. A total of 10 mg of each of 999 samples (333 trios) was sent in 96 well plates (Qiagen, Valencia, CA) on dry ice to Perlegen Sciences, Inc. (Mountain View, CA) for genotyping.
Definition of the region, SNP selection and genotyping procedure
The region selected for high density SNP genotyping represents the 1-LOD drop from the maximal MLS over the interval defined by linkage results published by Stone et al. SNPs were selected to cover the region from those determined to perform at 80% call rate and have a minor allele frequency (MAF) .0.1 in samples previously genotyped by Perlegen Sciences. A total of 4267 SNPs within the region fit these criteria. Perlegen haplotype tagging SNPs (46, 47) were selected for inclusion and an adaptation of the Lee-Kang algorithm (48) was applied to select additional SNPs for a target average density of 1 SNP/5.1 kb. In total, 2609 SNPs were selected to cover both genic and intergenic regions, as knowledge of functional genomic elements is incomplete (14) . Genic intervals were defined by NCBI build 34. However, all references reported here have been converted to build 36 positions. We define 'genic intervals' to mean exonic, intronic or intergenic but within 10 kb the 5' and 3 0 -UTR sequences. SNP genotyping was performed at Perlegen Sciences, Inc. (Mountain View, CA) using methods similar to those described elsewhere (47) . Briefly, long-range PCR (LR-PCR) was used to amplify 10 kb sections of the region of interest. Arrays were custom designed by Perlegen Sciences to allow allele specific hybridization from all SNPs on a single array. All LR-PCR products were pooled, fragmented, labeled with biotin, and hybridized to high-density oligonucleotide arrays manufactured by Affymetrix. The arrays were washed and stained with streptavidin R-phycoerythrin (SAPE). Signal was amplified through a second staining step using SAPE, and the arrays were then read using a custom built confocal scanner.
Summary of returned data
In total, 219 trios were successfully genotyped at 2053 SNPs by Perlegen QC criteria. Of these, 46 SNPs were flagged (see in what follows for flag criteria) for removal resulting in a final average intermarker distance of 6.7 kb. The SNPs were selected to cover both genic and intergenic regions. Of the cleaned genotype data, 913 SNPs were defined as intergenic SNPs (according to build 36 NCBI MapViewer annotations) and 1094 SNPs were defined as genic. Four SNPs were found not to be polymorphic in our sample, while the MAF was ,5% for 52 SNPs and 5 -10% for 135 SNPs. The remaining SNPs were approximately equally distributed from 10 -50% MAF. See Supplementary Material, Table S1 for a list of markers and MAF. In total, 180 genes were directly assayed by at least 1 SNP within 10 kb of the genic interval and 44 intergenic regions were also covered. See Supplementary Material, Table S2 for genebased coverage.
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HapMap data
Genotype data from CEPH families were downloaded from the HapMap Project, release #20, between 20679826-34377098 base pairs on chromosome 17. Haploview was used to calculate MAF, heterozygosity, and pair-wise LD for SNPs separated by 300 kb. SNPs with MAF ,0.01 were removed from analysis.
Calculation of allele characteristics
The minor allele frequency (MAF), number of Mendelian errors (ME) and Hardy -Weinberg equilibrium (HWE) P-values were calculated for each SNP using the Haploview program (49) . HWE P-values were calculated using only unrelated founder genotypes. ME were identified on a per family basis using Merlin (50) and were removed by zeroing the genotypes of all members of the trio at problematic loci prior to all other analyses. SNPs were flagged if MAF ,0.01, .5 ME were detected or HWE P-value ,0.001. If a SNP received a flag in any of the sub-divided analytical groups (MO, ALL; see in what follows), it was removed from all subsequent calculations. Haploview was also used to determine T:NT counts for single SNPs and haplotypes across the interval. Phasing of genotype data for haplotype analysis was completed in Haploview, using its implementation of an expectation-maximization (EM) algorithm similar to a previously published partition/ligation method (51). Haplotype allele counts reflect uncertainty in phasing by summing the fractional likelihood of each haplotype for each individual to determine T:NT counts. Minor allele, MAF, number of ME, HWE P-value and T:NT are listed in Supplementary Material, Table S1 along with other SNP-specific information. Owing to space limitations, haplotype details are listed only for those blocks of interest (criteria for interest discussed subsequently; also see Table 3 ).
Calculation of LD and identification of redundant SNPs
Pair-wise LD measures (D' and r 2 ) were calculated for each pair of SNPs within 300 kb using standard definitions (52) as implemented in the Haploview program (49) . There is much debate on the appropriate way to deal with nonindependence between markers (53). Here, SNPs were binned using Tagger (54) as implemented in Haploview to identify representative SNPs over the interval. For the purposes of this study, one SNP was randomly selected from pairwise bins established by both r 2 0.8 and r 2 0.3 to remove redundancy at two levels of stringency and obtain a more accurate assessment of the number of independent tests. Significant over-representation of significant SNPs was identified using a test of proportions within the genes with greater than 50 independent SNPs when binned at r 2 . 0.8 (ACCN1, ACCN1-long form and MYO1D). The expected proportion was fixed at 1/20 or 5%.
Estimation of regional coverage and comparison to HapMap
Effective ascertainment by proxy is essential to LD-based association studies. Over 75% of SNPs genotyped in the current study were found to be correlated at r 2 . 0.3, while 50% were correlated at r 2 . 0.8. Though the HapMap provides incomplete information, particularly with respect to rare alleles, it is the most complete catalogue of human variation available over the genome as a whole and provides a clear standard by which to gauge coverage of known variation over an interval of interest in a given study. Using those SNPs that are common to both our generated data and those genotyped by the HapMap Project (n ¼ 1630) as tags, 96% of all SNPs in the HapMap (total number of HapMap SNPs in region ¼12809) were covered by proxy at average r 2 ¼ 0.8. Thus, we conclude that the interval is well covered as this represents minimum coverage of the region, given that there are an additional 377 SNPs included in the current study, but not present in the HapMap and therefore not included in coverage assessment. In summary, using the common variation present in CEPH individuals as provided by HapMap (release #20) as a reference, we estimate that more than 80% of the interval is assayed by the current study.
This genomic interval contains the typically diverse LD patterns found throughout the human genome and is consistent with a largely Caucasian sample (46, 55) . Of the eight physical gaps in the current study greater than 100 kb in size, four are also present in the HapMap (release #20). In these common gap regions no SNP was available or had been successfully genotyped by the HapMap consortium. The additional four large physical gaps in the current study are located in regions of average to above average LD (data not shown), but represent regions where additional SNP genotyping may be useful. Data from the current study reveals haplotype blocks ranging in size from 74 to 192 kb as defined using the four-gamete test (FGT; described in what follows) implemented in Haploview. The largest 'block' defined by the FGT encompasses three genes, including SSH2, FLJ46247 and DKFZP434K1421, located from 25.29 to 25.48 Mb (NCBI build 36) and is formed by 11 SNPs.
Selection of families for TDT association analysis
The linkage to chromosome 17 published by Stone et al. (7) was a result of excess sharing of two alleles IBD when MO families were analyzed separately from those families with an affected female. Therefore, primary analyses focus on MO families (n ¼ 133) to enrich for those families most likely to harbor a susceptibility allele at this locus. All MO families were included in primary analysis regardless of any available information on IBD status with affected siblings. Allelic T:NT counts were also obtained from the complete 219 trio data set (ALL trios) for use in prioritizing SNPs for replication using a hypergeometric distribution function.
Single SNP TDT analysis
The empirical significance of observed transmission results was calculated using the WHAP program (56) . WHAP establishes an empirical P-value based on random permutations of the allele transmitted from informative meioses under the null hypothesis of no transmission bias. There are many other programs available, including Haploview, which provide means to calculate the TDT. However, most programs evaluate an Human Molecular Genetics, 2007, Vol. 16, No. 6 711 observed transmission count versus an expected transmission count using a x 2 distribution. Empirical significance does not rely on the assumption of a continuous x 2 distribution and is based on the true properties of the SNP in the parental population, therefore WHAP was chosen for primary analyses. Permutations consisted of fixing the genotypes of the parents and randomly permuting the allele passed to affected children 1000 times at each SNP to establish to significance of the observed results. For single-SNP analysis, WHAP was run under conditional mode with disease prevalence set to 0.006 (57) using a sliding window of one SNP per window. Since the data set consisted of trios, the 'within' family model was specified in the command line.
Haplotype TDT analysis
Disease susceptibility alleles arise on a chromosomal background of other previous mutations. Therefore, it has been suggested that if the true disease susceptibility allele is not itself directly assayed, combining markers into haplotype blocks to identify the genomic background on which the mutation occurred can be more powerful to detect true association than any one marker alone. Consecutive markers were combined into haplotype blocks by the FGT (13) as implemented in Haploview (49) at default settings. The FGT haplotype boundary defining algorithm defines blocks based on evidence of historical recombination (the presence of a fourth gamete under an infinite-sites model of mutation) and is closely related to the concept of r 2 and effective association detection by proxy. Data from contiguous SNPs designated as haplotype blocks using this algorithm were selected from the complete data set and run as a single block using the WHAP software (56) . Command line parameters were the same as listed for single-SNP analyses; however, no sliding window analysis was employed since the goal of the haplotype analysis was to analyze all SNPs in a block together rather than one by one. The output from WHAP provides many statistical metrics; however, the one used in the current study is the empirical omnibus test of evidence for haplotypic association of one or more alleles within the block. This metric was selected because it estimates the significance of the observed deviations from the expected 50/50 transmission for all alleles (n ¼ H) of a given haplotype block with H-1 degrees of freedom. As with the single-SNP analysis, an empirical P-value was estimated by randomly permuting the haplotype allele transmitted at each informative meioses for the entire sample, 1000 times.
Hypergeometric distribution analysis
Division of the AGRE sample based on sex of affected children produced a strong enhancement of linkage in the MO families (7) . If this reflects the underlying genetics of the disorder it is reasonable to expect that associations would also exhibit enhancement under the same splitting strategy. The actual strength of such an effect will depend on the number, strength and frequency of risk alleles within the region, and the actual degree of enrichment in association could in principle be greater than or less than the enrichment observed in the linkage analysis. Further, observation of the affect will be dependent on the number and placement of genotyped SNPs/haplotypes and their ability to tag true susceptibility alleles. Because of these confounding factors and unknown variables, the true power of this approach is difficult to estimate. Nonetheless, here we use the hypothesis that association should be enriched by sex-splitting as a means to further filter the most promising SNPs for primary replication efforts. It would be incorrect to infer that transmission bias identified within ALL trios is evidence of a false-positive association. Rather, our hypothesis is that limiting analysis to just the MO trios should enhance evidence of association in a similar way that limiting to MO families increased evidence of linkage. It is possible that the susceptibility allele is present and displays significant association to ASD within ALL families, though we hypothesize that this association, or transmission bias, should be exaggerated in the MO trios beyond what would be expected in a random sampling of 'T' and 'NT' as defined by ALL. In other words, the null hypothesis is that for a given SNP, restricting the TDT 'T' and 'NT' counts to just the MO family trios will simply be random sampling from the ALL trio counts, whereas the (anticipated) alternative hypothesis is that there will be excess of transmissions over what would be expected from random sampling. The null distribution is modeled by the hypergeometric distribution, and we use this to assess the significance of deviations from the null. Specifically, at each SNP, given the counts of transmission, T, and nontransmission, NT, observed in ALL trios, and further given the corresponding counts, t and nt, observed within just the MO trios, the null hypothesis would be that there were t successes in t þ nt trials, as drawn randomly from a population of T þ NT with T successes (58) . We use the hypergeometric distribution to compute the P-value for obtaining t or more successes for each individual SNP. Hypergeometric analysis of haplotype blocks is not presented, as significant blocks were identified by global evidence (based on transmission bias of all haplotype alleles of a given block) of transmission bias. Since more than one haplotypic allele can contribute to the observed omnibus transmission bias, the hypergeometric analysis as presented here is confounded. Hypergeometric P-value calculations were implemented in a custom Mathematica script.
Estimated power of TDT
Stratification of families based on the sex of their affected children revealed an excess of ASPs sharing two alleles IBD in the MO families (40% of MO ASPs versus 25% as expected under the null hypothesis) (7) . Following guidelines suggested by Risch and Merikangas (18) and sex-specific linkage sharing statistics of~20/40/40% (Z0/Z1/Z2) as published in Stone et al. (7) , the genotype relative risk (GRR) was calculated to have a value between 3 and 4, assuming a single affect locus on chromosome 17. Power to detect association using the TDT was calculated using the Genetic Power Calculator (59) under both additive and multiplicative models, and a range of marker (0.05, 0.1, 0.2, 0.3, 0.4) and disease (0.05, 0.1, 0.2) allele frequencies (see Supplemental Material, Fig. S1 ). For simplification, markers were assumed to be in linkage disequilibrium with the true disease locus at
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Human Molecular Genetics, 2007, Vol. 16, No. 6 a level of D' ¼ 0.8, disease prevalence was fixed at 0.006 (57) and a fixed at 0.05. Under all parameters used, maximum power to detect association is achieved when the disease allele approaches 20%. In the event that the true disease allele frequency is 0.05 or lower, power to detect association at 80% is still achievable only for GRR of 4 or greater, given marker alleles of similar frequency and sample size of the current study.
Post-hoc estimation of GRR and 95% CI
To assess the increase in disease risk conferred by inheritance of 0, 1 or 2 copies of the putative risk allele (the over-transmitted allele), the GRR and 95% CI were calculated for each highlighted SNP and over-transmitted haplotype based on observed T:NT results. The method used to calculate the GRR and 95% CI is similar to methods described previously (60,61) and described in detail in Supplementary Material, GRR calculation.
Multiple testing correction and nominal levels of significance used for current study
There is much uncertainty about the most appropriate method of correction for multiple testing in SNP-based association studies. Therefore, given the high level of non-independence between markers in the current study and to avoid false negatives given the screening nature of this study, no correction for multiple testing was made on P-values reported. It is intended that by providing full disclosure of the number of tests, the reader will interpret and apply correction appropriate for their purposes. In the current study, single SNPs displaying empirical P-values ,0.05 in the MO TDT analysis that also were significant at P-value ,0.05 through the hypergeometric analysis were given highest priority for primary replication efforts. From the haplotype analysis, priority haplotypes were required to display an empirical omnibus P-value ,0.05 by WHAP analysis and, on closer inspection of T:NT counts, display significant over-transmission of at least one allele (x 2 P-value ,0.05).
